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Ryanodine receptor isoforms are expressed in both excitable and nonexcitable tissues where they
form microsomal C# release channels broadly involved in shaping cellular signaling. In this report, we
provide a detailed structureactivity relationship (SAR) for polychlorinated biphenyl (PCB) congeners
and metabolites necessary for enhancing ryanodine receptor type 1 (RyR1) activity®ti§iggriodine
([*H]Ry) binding analysis. The 2,3,6-Cl PCB configuration is most important for optimal recognition by
the RyR1 complex and/or critical for sensitizing its activation. Para substitution(s) diminishes the activity
with para-chloro having a higher potency than the correspongisg-hydroxy derivative. The addition
of a more bulkypara-methyl-sulfonyl group eliminates the activity toward RyR1, supporting the importance
of the para positions in binding RyR1. The requirement for an intact major T cell immunophilin FKBP12
RyR1 complex was observed with each of 12 active PCB congeners indicating a common mechanism
requiring an immunophilin-regulated €arelease channel. An excellent correlation between the relative
potencies for doubling®H]Ry binding and the corresponding initial rates of PCB-induceé"@dflux
indicates that¥H]Ry binding analysis provides a measure of dysregulation of microsonfalt@asport.

The SAR for activating RyR1 is consistent with those previously reported in several in vivo and in vitro
studies, suggesting that a common mechanism may contribute to the toxicity of noncoplanar PCBs. A
practical application of the receptor-based screen developed here with RyR1 is that it provides a quantitative
SAR that may be useful in predicting biological activity and risk of mixtures containing noncoplanar
PCB congeners that have low or a lack of aryl hydrocarbon receptor activity.

Introduction halogenated aromatic hydrocarbons (HAHS). In the United

Polychlorinated biphenyls (PCBsjlong with polychlorinated ~ States, PCBs were synthesized and marketed as Aroclor

dibenzop-dioxins (PCDDs) and dibenzofurans (PCDFs) are mixtures, which were widely used in several industries. To-
gether, the improper disposal, the high lipophilicity, and the
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Street, Sacramento, CA 95814. because they can assume a coplanar configuration and interact

1 Abbreviations: Ah, aryl hydrocarbon: Ah (H), aryl hydrocarbon  With the aryl hydrocarbon receptor (AhR), mimicking the action
hydroxylase; CICR, Ca-induced C&' release; DMSO, dimethyl sulfoxide; of 2,3,7,8-tetrachlorodibenzsdioxin (TCDD) (2—4). However,

EGso, effective concentration that causes enhancement to 50% of the i : :
maximum activity; EROD, ethoxyresorufio-deethylase; FKBP12/RyR, ortho-rich PCBs (congeners with-2 ortho-chlorine atoms) are

immunophilin FKBP12/ryanodine receptor complex; HAHs, halogenated More prevalent in former commercial mixtures, environmental
aromatic hydrocarbonsifi]Ry, tritium-labeled ryanodine; iinositol 1,4,5- reservoirs, and human samplésg—7). The relative abundance

trisphosphate; 4R, inositol 1,4,5-trisphosphate receptor; PCBs, polychlo- _ri ; ; ;
rinated biphenyls; PCDFs, dibenzofurans; PCDDs, polychlorinated dibenzo- of ortho-rich PCBs is further noted in air because of greater

p-dioxins; PC12, rat pheochromocytoma cells; RyR1, ryanodine receptor Volatility (8—11). In fiSh from Conta_minate_d tgmpe_rate waters,
type 1; RyR, all three isoforms of ryanodine receptor; SR/ER, sarcoplasmic ortho-PCBs are enriched due to differential inducible metabo-

or endoplasmic reticulum; SARs, structuf@ctivity relationships; TCDD, lism (12). Indeed. there are elevated levels of ortho-substituted
2,3,7,8-tetrachlorodibenzp-dibenzodioxin; TEFs, (toxic) TCDD equiva- PCB( )n ner ,f nd in both the ti f Great Lakes fish
lence factors; TEQ, (toxic) TCDD equivalence; TNP-LPS, trinitrophenyl- congeners fou 0 € ussues o eat Lakes 1s

lipopolysaccharide. and the serum of humans consuming these fi§hl18—15).
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Finally, anaerobic meta/para dechlorination of highly chlorinated containing differing proportions of noncoplanar PCB congeners
PCB congeners in sediments, and hence propagation along theéhat have low or lack AhR activity.

food chain, also may contribute to enriched levels of ortho-

substituted PCB congeners in human serum as compared to that Experimental Procedures

in the Aroclor mixtures 15, 16). PCB Stocks.Neat PCB congeners were purchased from Ultra
Many of the qrt.ho-poor PCBs haYe high affinities for Fhe Scientific (North Kingstown, RI) and Accu-Standards (New Haven,
AhR and can elicit responses despite generally low environ- cTy. Methyl-sulfonyl-PCB metabolites were generously provided
mental occurrencest). The ortho-rich PCBs and metabolites by Christina Larsson and k& Bergman (Stockholm University).
of both ortho-rich and ortho-poor PCBs have a number of All reagents used in the synthesis of the hydroxy-PCB metabolites
actions independent of the AhR. Endocrine effects include weak were purchased from Aldrich Chemical Co. (Milwaukee, WI).
estrogenicity, disruption of the hypothalampituitary—thyroid Stocks of each PCB congener or metabolite were prepared by
axis, enhanced insulin secretion, and increased release oflissolving the neat chemicals in anhydrous dimethyl sulfoxide
arachidonic acid X7—24). Epidemiological studies have indi- (PMSO). Rapamycin was purchased from Sigma (Sigma-Aldrich
cated that perinatal exposures to PCBs are correlated withCO'P- St Louis, MO). All other chemicals were purchased

" L . i commercially with the highest purity available.
cognitive deficits in children3, 25). Schantz and co-workers Synthesis of Hydroxylated PCBsThe 2,3,6,23 6-hexachloro-

have repor_ted on the impact of PCBs on intellectual functioning 4-biphenylol (4-OH,PCB136); 2,4,6-trichloré-Biphenylol (4-OH, -
in both children and older adults; exposure to PCBs, but not pcg3);” 2, 4,6-trichloro-34'-biphenyldiol (3,4-di-OH,PCB30);
dichlorodiphenyl dichloroethene, was associated with memory 2 5_dichloro-2,3-biphenyldiol (2,3-di-OH,PCB9); 2,5-dichloro-
and learning impairments, consistent with the previous reports 3 4'-biphenyldiol (3,4'-di-OH,PCB9); 2,5-dichloro-3biphenylol
on in utero exposure of PCBs and cognitive deficits in children (3'-OH,PCB9); and 2,5-dichloro~biphenylol (4-OH,PCB9) were
(26, 27). Significantly higher levels of ortho-substituted PCBs synthesized at NIEHS (RTP, NC) as described previougly. (

have been reported in the caudate nucleus of patients withBriefly, mono- or dimethoxy anilines were coupled with chlorinated
Parkinson’s diseas®®). benzenes to yield the chlorinated mono- or dimethoxybiphenyls.

. . . . The phenols or catechols were then produced by demethylation with
Mechanistic studies on the neurotoxicity of ortho-substituted 4o yripromide. Structural identification was determined by NMR

PCB congeners have implicated these chemicals in neurotoxicang GC/MS. All test compounds were determined to be greater
responses. Structur@ctivity relationships (SARs) between than 95% pure by TLC and GC.

selected PCB congeners and cellular catecholamine levels in  Environmental PCB Mixtures. The environmental samples
neurons have been examined both in vitro using rat pheochro-were collected from the Sangamo Electric Co. manufacturing waste
mocytoma cells (PC12) and in vivo using nonhuman primates landfill, a National Priorities List Landfill on the Crab Orchard
(29, 30). Further studies have demonstrated that disruption of National Wildlife Refuge in Southern lllinois. The air sample was
Ca&* signaling may be the underlying mechanism for certain @ composite of 1824 h, high-volume, filtered (vapor phase)

non-Ah receptor-mediated responses to ortho-substituted pcpeollections. The “dust” consisted of superficial dust and debris
congeners31, 32) directly under the air collection, while the “soil” was the deeper

) T o ) layers under the dust collection. The collection and extraction
Data identifying more selective interactions between ortho- procedures were detailed in describing the high PCB contét (
substituted PCBs and microsomaPCeelease channels suggest the high proportion of PCDFs because of the practice of open

that they may explain in a large part many of the cellular burning 60), and some biological actions of the extra@d,(51).
toxicities described for noncoplanar PCB33{39). These A comparative summary of the characteristics of the three
channels include both inositol 1,4,5-trisphosphate receptorsenvironmental extracts is presented along with the discussion of
(IPsRs) (40) and genetically related ryanodine receptors (RyRs) the results. _ _ _

and may both be receptor targets of noncoplanar PGB ( . Mem.brane Preparatllons.MlcrosomaI membrane yesmles en-
Specifically noncoplanar, but not coplanar, PCBs have been riched in RyR1 were isolated from fast-twitch (white) skeletal

. o e muscles obtained from the back of male New Zealand White rabbits,
shown to directly enhance the sensitivity of RyRs to activation ,¢ previously described2, 53). Briefly, muscle was ground and

by endogenous ligands in a manner requiring the major T cell homogenized in ice-cold homogenization buffer consisting of 5 mM
immunophilin FKBP12, which forms a physical association with - imidazole-HCI, pH 7.4, 0.3 M sucrose, 1@/mL leupeptin, and
RyR (FKBP12-RyR complex) 86, 38, 41, 42). IPsRs and RyRs  100uM phenylmethylsulfonyl fluoride. The junctional SR fraction
are likely relevant toxicological targets of noncoplanar PCBs was then isolated by differential centrifugation and further purified
given their diverse contributions toward regulating the release by discontinuous sucrose gradient.
of C&* from sarcoplasmic and endoplasmic reticulum (SR/ER) _ Tritium-Labeled Ryanodine ([*H]Ry) Binding Assay. Specific
and integrating cellular signaling events in excitable tissues binding of PHIRy to isolated skeletal microsomes was per-
(43-45). Moreover, RyRs have been shown to be involved in L aS BERCRy SROVERE S0 BT GO ete
cren:jl.callél |nduc;edkolx |;ja£uve st(;esﬁa_and cont::sfute molec- alter PH]Ry_ binding to isql_ateq skeletal microsomes was examined
ular disorders of skeleta) and cardiac muscleif). by measuring the specific binding of 1 nMH]Ry to 12 ug of

In this report, we provide a detailed quantitative SAR showing microsomal protein in the presence of 10 nM to 100 PCB in
that PCB congeners and metabolites alter ryanodine receptorassay buffer consisting of 140 mM KCI, 15 mM NacCl, 20 mM
type 1 (RyR1) activity. The SAR for PCB-sensitized RyR1 is HEPES, 10% sucrose, and % CaCb, pH 7.4, with a final
consistent with SARs previously reported for endocrine and volume of 500uL. The control binding level in each experiment
neurochemical end points of toxicity. Considering that the three Was determined by the addition of an equivalent volume of DMSO
RyR isoforms are broadly expressed in both excitable and (S0lvent vesicle for PCBs) in the assay. Nonspecific binding was
nonexcitable tissues, alterations in RyR function may representobtalned by the addition of 1000-fold excess of unlabeled ryanodine

; ) in the assay.
a common mechanism whereby ortho-rich PCBs may alter Macroscopic C&* Flux Measurement. Net C&" efflux from

neurological and endocrine function. A practical application of jsojated skeletal microsomes was measured with the metallochromic
the receptor-based screen developed here with RyR1 is that itcz+ sensitive dye antipyrylazo Il with the use of a diode array
provides a quantitative SAR that may be useful in predicting spectrophotometer (model 8542 or 8543, Agilent, Palo Alto, CA),
biological activity and risk of environmental/food chain mixtures as reported previously38). Briefly, the C&" transport buffer
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consisted of 18.5 mM K-MOPS, pH 7.0, 92.5 mM KCI, 7.5 mM concentration below kM (Figure 1). Of these, PCB95 and
Na-pyrophosphate, 250M antipyrylazo Ill, 1 mM Mg-ATP, 20 2,2,3,3,6,6-hexachlorobiphenyl (PCB136) possessed the lowest
mg/mL creatine phosphokinase, 5 mM phosphocreatine, ap@j40  ECy, values of<0.54M and EGy values of~0.25uM (Figure

of skeletal microsome with a final volume of 1.2 mL. ActiveCa  5) ‘Both pCBs share a similar symmetry of chlorine substitutions
loading to the vesicles was performed by several additions of 20 on each of the phenyl rings (2,3,6 and26 for PCB136 vs

nmol of C&" bolus until the uptake capacity was reached?'Ca , .
release was then induced by the addition of Mb5PCB. The net 2,3,6 and 25 for PCB9S). The 2,5- and 6,3-positions are both

Ca&"* efflux induced by solvent was determined by the addition of ©rtho,meta and could be read the same, although incorrect by
an equiva|ent amount of DMSO in the same experimen’[. nomenclature rules. Thus, the=®-Cl Conflguratlon of PCB95

Data Analysis. With the more potent and efficacious PCB IS equivalent to the ‘3-Cl configuration of PCB136 (i.e.,
congeners, data across the entire dassponse curve were fitto  2,3,6,2,5 vs 2,3,6,36) if the torsion angle between the two
a sigmoidal equation with Origin computer software (Microcal phenyl rings is 90. Recently, Lehmler and colleagues deter-
Software, Inc., Northampton, MA) to calculate three parameters: mined that the crystal structure of PCB84 in solid state has a
(i) the concentration of PCB needed to double basal receptor activity dihedral angle of 81and a calculated dihedral angle of°90
(ECy), (ii) the concentration needed to obtain 50% of the maximum (54). On the basis of these results, PCB95 and -136 are both
receptor activity (EG), and (iii) the maximum receptor activation likely to have dihedral angles of 90n solution. As a result,

(Bmay)- The initial rate of Cé" release induced by selected PCBs . . .
was determined by linear regression analysis 6f Calease during PCBOSis a pa!rtle.ll structure O.f PCB136 with the absence of an
ortho-Cl substitution on ther-ring. These results suggest that

the initial 30 s following the addition of PCB. The &arelease - _ : .
rate data were calibrated by bolus addition of standafd @gthe the 2,3,6-Cl configuration on one ring with ortho, meta on the
end of each assay. The net PCB-induced'Cafflux rate was other make essential contributions for optimal recognition of
obtained by subtracting the residue change iA*Ggpon addition the RyR1 complex and for sensitizing channel activation. The
of equivalent DMSO in the control experiment. Data were then next most potent congeners having &®alues between 0.3

normalized to that of the PCB95, the most active congener in both gnd 0.45 consisted of PCB84, -96, -149, and -176, which all

the PH]Ry binding assay and the active Laransport assay. satisfied these criteria. The environmentally important, but
) _ readily metabolized, PCB52 is also quite potent (Table 1), but
Results and Discussion it lacks the 2,3,6-substitution pattern (the 2!5ds equivalent

to 3,6,36"). Likewise, the highly relevant PCB170, -101, -180,
-18, -110, and -153 double RyR1 binding at similar, but slightly
higher, concentrations and have only two ortho substitutions.

Stringent SAR for Noncoplanar PCBs toward Sensitizing
RyR1 Activity. Equilibrium binding assays were performed to
elucidate the SAR of 35 selected PCB congeners, eight ;
hydroxylated PCB metabolites, and four methyl-sulfonyl-PCB Th(_e slightly more potent congeners (PCBI51, -183, and -187)
metabolites on activation of RyR1. The radioligafid]Ry binds satisfy the tri-ortho substitution preference.
to RyR1 with high selectivity and specificity. More importantly, =~ The SAR of PCBs toward RyR1 identified in the present
[3H]Ry binds with high affinity only to an activated conforma- study is consistent with previous results on the activity of
tion of RyR1 62). By taking advantage of this conformational nhoncoplanar congeners toward cultured neurons and from in
sensitive property ofH]Ry binding, we have established the Vivo studies with rodents and nonhuman primates. For example,
dose-response relationship for selected PCBs (congeners andexposure of the nonhuman primaféacaca nemestrinato
metabolites) toward sensitizing the activation of RyR1. For most Aroclor 1016 produced decreased dopamine concentrations in
of the PCB congeners tested, full desesponse curves were the caudate, putamen, substantia nigra, and hypothalamus and
obtained and the calculated Eda measure of potency) and Wwas associated with detectable levels of only three ertho
Bmax (& measure of intrinsic efficacy) values were calculated. substituted nonplanar PCB congeners (PCB28, -47, and -52)
The concentration of each PCB required to enhance the activity (29). In vitro testing demonstrated that these three congeners
of RyR1 channels two times (B¢ P < 0.05) the control also reduced cellular dopamine concentrations while planar,
specific binding level was also calculated. TheEarameter dioxin-like congeners, e.g., PCB77 (3,443 and PCB126
was found highly predictive of PCB-induced €aelease rates  (3,4,5,3,4), did not. In a more recent study, PCB47 was
from isolated microsomes (see below) and permitted inclusion identified as a potent inducer of €adependent apoptosis in
of a few congeners that exhibited low intrinsic efficacy toward neurons cultured from rat hippocampus, whereas coplanar
enhancingJH]Ry binding in the analysis of structurectivity. PCB77 had no activity33). The proapoptotic activity of PCB47
Table 1 summarizes the BC EGsp, and Bmnax values for the (2,4,2,4) could be largely prevented in the presence of FLA-
PCBs tested in the present study. Among the active PCB 365, a blocker of RyRs56), but not by blockers of other types
congeners studied, Egand Bnax varied by greater than 10-  of Ca&" channels 83). Using PH]PDBuU binding as a measure
and 5-fold, respectively. Coplanar PCBs and metabolites were of PKC translocation in cerebellar granule cell cultures, Tilson
inactive toward RyR1. For example, PCB126, one of the most and co-workers32) studied the potency of 24 congeners and
potent PCB congeners toward the aryl hydrocarbon hydroxylasefound that di- and tri-ortho congeners were the most potent
[Ah (H)] receptor, lacked activity toward RyR1 at its solubility =~ whereas coplanar congeners were inactive. Collectively, results
limits (Table 1). In general, PCBs lacking at least one ortho on PCB SARs indicate that the activity toward RyR1 (this study)
substitution were inactive toward RyR1, regardless of the degreeand the two additional isoforms RyR28) and RyR3 provides
of chlorination. Figure 1 shows a ranking of the 28 most active a valuable mechanistic basis for predicting the efficacy of
congeners tested based on the concentration required to doubl@oncoplanar PCB congeners/metabolites toward dysregulation
the RyR1 activity. of cellular Ca* signaling and downstream cellular dysfunctions

Several of the PCB congeners tested are environmentally observed both in vitro and in vivo. A recent analysis of complex
prevalent (Table 1). Among those, PCB18, -41, -52, -95, -101, PCB mixtures from Fox River walleye pike showed that the
-110, -149, and -187 were highly efficacious, enhancing the mixture had a relatively low AhR activity but a high ryanodine
binding of PH]Ry from a basal level 0f0.87 to a maximum receptor activity and was predictive of the high composition of
of =4.0 pmol/mg, respectively. Of the 35 PCB congeners tested, ortho-substituted PCBs (e.gz,5% PCB95+ PCB66) 66). We
14 structures induce a doubling (B of RyR1 activity at a therefore propose that the relative potency of PCBs toward
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Table 1. Relative Potencies and Efficacies of PCB Congeners Toward Activation of RyR1

BZ no® ClI~ substitutions Egx (uM)° ECso (uM)° Bmax (pmol mg1)d
PCB4 = 4) 2,2 2.18+0.27 5.61+ 0.53 3.9+ 0.33
PCB9 f=4) 2,5 4.09£ 2.03 0.98+ 0.32 2.9+ 0.28
PCB18 (1= 6) 2,5,2 1.05+ 0.09 2.81+0.07 5.8+ 0.69
PCB24 (= 4) 2,3,6 2.98+ 0.32 3.53+ 0.30 3.0+ 0.49
PCB26 = 4) 2,53 3.53+0.32 3.87+0.37 3.5+ 0.66
PCB27 (= 4) 2,6,3 1.514+0.15 3.26+0.18 5.3+ 0.08
PCB30 =4) 2,4,6 2.62+ 0.79 10.92+ 1.7 2.9+ 0.10
PCB41 =5) 2,3,4,2 1.51+0.38 2.58+0.10 47+ 19
PCB49 (= 4) 2,4,2,5 1.82+0.13 217+ 0.44 3.4+ 0.07
PCB52 1= 4) 2,5,2,5 0.49+ 0.08 1.25+0.24 4.0+ 0.22
PCB66 6= 4) 2,4,3,4 2.38+0.14 3.10+ 0.40 1.7+ 0.06
PCB70 6= 4) 2,534 3.10+ 0.80 2.20+0.16 2.2+ 0.16
PCB75 6=4) 2,4,6,4 inactive inactive inactive
PCB84 (1= 6) 2,3,6,23 0.42+0.7 1.80+ 0.25 6.2+ 0.20
PCB95 6= 11) 2,3,6,25 0.224+ 0.03 0.49+0.15 7.5+ 0.33
PCB96 (1= 4) 2,3,6,26 0.44+ 0.08 0.77+ 0.06 5.9+ 0.01
PCB101 = 5) 2,4,5,25 0.86+ 0.06 1.90+ 0.32. 3.9+ 0.06
PCB110 (= 6) 2,3,6,34 1.13+0.34 1.70+ 0.22 4.6+ 0.12
PCB111 (= 4) 2,3,535% 4.83+ 1.50 ASL® ASL®
PCB123 (= 4) 2,4,3,4,5 inactive inactive inactive
PCB126 (= 4) 3,4,5,34 inactive inactive inactive
PCB132 (= 4) 2,3,4,23,6 0.91+0.04 1.80+ 0.20 3.8+ 0.46
PCB136 (= 4) 2,3,6,23,6 0.23+0.07 0.48+ 0.09 4.5+ 0.20
PCB138 = 5) 2,3,4,2 4,5 2.61+0.59 430+ 1.10 2.5+ 0.23
PCB149 (=5) 2,3,6,24,5 0.33+0.02 0.70+ 0.03 7.7£0.14
PCB151 (= 5) 2,3,5,6,25 0.50+ 0.05 1.54+0.34 5.4+ 0.39
PCB153 (= 5) 2,4,5,2 4,5 1.21+0.15 2.86+ 0.39 3.3+ 0.51
PCB157 = 4) 2,3,4,34,5 inactive inactive inactive
PCB159 (= 3) 2,3,4,5,35 1.95+0.41 >25 ASL®
PCB163 (= 5) 2,3,5,6,34 1.444+0.18 1.924+ 0.09 1.3+ 0.50
PCB170 (= 5) 2,3,4,5,23,4 0.73+0.12 151+ 0.24 2.5+ 0.27
PCB176 (= 4) 2,3,4,6,23,6 0.38+ 0.05 0.82+0.19 4.5+ 1.03
PCB180 (= 5) 2,3,4,5,24,5 0.96+ 0.22 2.62+0.28 3.1+ 0.05
PCB183 (= 5) 2,3,4,6,24,5 0.55+ 0.07 1.314+0.30 2.5+ 0.46
PCB187 = 5) 2,3,5,6,24,5 0.58+ 0.06 1.83+0.22 4.2+ 0.33
4-OH,PCB1361( = 6) 4-0OH,2,3,6,23,6 1.60+ 0.26 ASL® ASL®
4'-OH,PCB30 (= 6) 4-0OH,2,4,6 0.32£ 0.04 0.75+ 0.08 5.4+ 0.22
3,4-di-OH,PCB30 (= 6) 3,4-di-OH, 2,4, 6 13.06t 1.72 28.3+1.9 2.7+ 0.91
2',3-di-OH,PCB9 ( = 6) 2,3-di-OH, 2,5 15. 74+ 3.15 >25 ASL®
3,4'-di-OH,PCB9 ( = 6) 3, 4-di-OH, 2,5 ASL®
3'-OH,PCB9 (1= 6) 3-0OH, 2,5 1.69+0.14 3.50+ 0.21 6.2+ 0.9
4'-OH,PCB9 (1= 6) 4-0OH, 2,5 1.38+0.12 2.25+0.11 5.25+ 0.34
4-CH;SO,-PCB95 3-CHSO,, 2,3,6,2,5 inactive inactive inactive
4'-CHsSO,-PCB101 4CH3S0, 2,4,5,2,5 inactive inactive inactive
3'-CH3SO-PCB149 3CHsSO, 2, 3,6,2, 4,5 inactive inactive inactive
4-CH;SO-PCB149 4-CHSO,, 2,3,6,2, 4,5 inactive inactive inactive

aThe potency and efficacy of select PCB congeners toward enharféliigy binding were analyzed as described in the Experimental ProcedB&s.
no. represents the Ballschmitter number used to identify each specific congBrag¢s. show averages and standard errors for [PCB] needed to enhance
specific PH]Ry binding 2-fold (2<) and half of maximum (E&). ¢ Bmax is the maximum level of binding at saturating [PCBRbove solubility limit.

activation of the RyR1 channel complex may be useful for moiety at the same position on the phenyl ring is considered a
risk assessment of environmental mixtures containing ortho- deactivating group (electron donating).
substituted PCB congeners that have low, or lack, Ah receptor Conversely, Figure 3b and Table 1 show that the
activity. 4'-OH,2,4,6-Cl derivative (OH-PCB30) is significantly more
Figure 3a shows the doseesponse curves of 4-OH,2,3,6,- active than the parent PCB30 (2,4,6-Cl). Thupasa-OH group
2',3,6-hexachloro-biphenyl (4-OH-PCB136), PCB136 (2,3,6,- on the phenyl ring that carries no other deactivating substitution
2',3,6-hexchlorobiphenyl), and PCB176 (2,3,4,6326'-hep- confers potency and efficacy toward activating RyR1. Two
tachlorobiphenyl or 4-CI-PCB136). The metabolite 4-OH- possible mechanisms could be responsible. First, the acidic
PCB136 is a potential metabolic product of PCB136 produced property of the lone phenyl-OH substituent is likely to contribute
by a cytochrome P450-catalyzed oxidation. The addition of a hydrogen-bonding potential to stabilize interactions with the
hydroxyl group at the para-position reduces,Htbtency toward receptor site. Alternatively, if the hydroxyl group were partially
RyR1 activation seven-fold as compared to the parent compoundor wholly ionized, then electrostatic interactions would be
(Figure 3a). Comparing the activities of PCB136 and PCB176 expected to stabilize the PCERyR1 complex. In support of
in Figure 3a shows that althoughpara-chloro substitution this interpretation, the di-OH derivative of PCB30,43di-
lowers the maximum efficacy (maximum level of RyR1 OH,2,4,6-PCB, was found to possess lower potency but similar
activation) of this congener relative to PCB136, ffa@a-chloro efficacy to PCB30. The presence of two adjace@H moieties
substitution maintains a higher potency toward activating RyR1 would be expected to promote intramolecular hydrogen bonding
than its para-hydroxy derivative. This may be due to the and could preclude stabilizing interactions with RyR1 that
difference in size and/or the electronegativity of the substitu- impacts the apparent affinity and efficacy for channel activation.
tients. A hydroxyl group on a phenyl ring is generally considered Comparing the relative activities of PCB30 and PCB75 (2,4,6,4
to be highly acidic (electron withdrawing), whereas a chloro tetrachlorobiphenyl), the additionphra-Cl substitution com-
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Figure 3. Dose-response curves of hydroxylated metabolites of
PCB136 and PCB30 as compared to their probable parent structures.

Ob"‘"‘s 7 5 5 % Equilibrium binding of PH]Ry to RyR1 was performed as described
B B ) B B in the Experimental Procedures in the presence of (a) PCB136, PCB176,
PCB, M or 4-OH,2,3,6,23,6'-PCB (10 nM to 10Q«M). Part b shows the dose

Figure 2. PCB95 and PCB136 show high potency and efficacy toward "€SPonse relationship between PCB30, PCB78)M,2,4,6-PCB, and
ac%ivation of RyR1. Equilibrium bindi?lg pof?’[-I]Ryy to RyR1 )<Nas 3,4-di-OH,2,4,6-PCB and®HIRy binding to RyR1. EG, ECso, and
performed in the absence and presence of PCB95 or PCB136 (10 nMBmax @ré summarized in Table 1.

to 100uM) as described in the Experimental Procedures. The binding

experiment was repeated with at least two different tissue preparations,also suggest that metabolic hydroxylation of certain PCBs could
and averaged results are shown in the figure for PCBSS (1) and  vyje|d structures possessing higher activity toward microsomal

PCB136 ( = 4). Data were plotted as % of baseline specific binding + ; :
measured in the absence of PCB (i.e., % control). The data shown areCaz channels. In this regard, phenolic PCBs and Mg&8s

the averages of all of the measurements normalized to their respectiveha‘}/e been shown to persi;t in blood or tissues of laboratory
control binding (in the presence of equivalent amount of DMSO) in animals 67, 58) as well as in humans§).

each measurement and the standard error of the replicates. The Figure 5a,b shows the doseesponse curves for methyl-
parameters Ef; ECso, andBma: are summarized in Table 1. sulfonyl-PCBs and their respective potential parent structures.

pletely eliminates activity toward RyR1. Thus, a complete lack The presence of methyl-sulfonyl substitution disfavors the
of activity observed here with PCB75 is likely due to the di- activity of the metabolites toward activation of RyR1. These
para-chloro substitution. In general, PCB structures possessing findings further show that the presence of a bulky group in the
4,4-Cl possess lower activity toward RyR1, regardless of the para-position decreases the efficacy of the PCB structure toward
presence of one or more ortho substitutions (e.g., PCB66, -75,activation of RyR1, further establishing that substitution at the
-123, -138, -153, and -157; Table 1). To further understand the para-position is essential for PCB binding to RyR1. Interestingly,
influence of hydroxylation on the activity of PCBs toward RyR1 the presence of either para-Cl or a methyl-sulfonyl group
activation, the SAR was extended to hydroxylated derivatives destabilizes the binding of PCBs to RyR1.

of PCB9 (2,5-Cl) and PCB18 (2,5;ZI). Although both di- FKBP12 Is Required for PCB-Induced Release of Micro-
OH derivatives of PCB9 were less active, the presenceatél somal C&". The activity of several PCB congeners to induce
para-hydroxyls imparted lower potency but similar efficacy Ca&" efflux from isolated microsomal vesicles was studied in
toward activating RyR1 as compared to the parent structure, order to determine if the SAR identified in radioligand binding
whereas the corresponding ortho/meta derivative possessedtudies with H]Ry quantitatively predicts the ability of PCBs
significantly lower potency and efficacy (Figure 4a). Interest- to dysregulate Ca transport properties across the ER/SR
ingly, PCB9 derivatives possessing eitherC8H or 4-OH membrane. Consistent with published results with PCB95,
substitution exhibited significantly higher potency and efficacy PCB187 induces a net &aefflux from C&"-loaded vesicles
than the parent (Figure 4b). Collectively, these results underscore(Figure 6A). The PCB-induced €aefflux could be completely
the importance of para substituents in conferring optimal RyR1 blocked when the microsomal vesicles were preincubated with
activity as was suggested earli8i7). Importantly, these results  ruthenium red, a selective RyR blocker (Figure 6A, trace b).
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Figure 4. Dose-response curves of PCB9 and hydroxylated deriva- PCB. M

tives. Part a shows the doseesponse curves of PCB9, PCB26, and
metabolites 23-di-OH,2,5-PCB and '#'-di-OH,2,5-PCB, and partb  Figure 5. Dose-response curves of selected methyl-sulfonyl-PCB
shows the curves from'-®H,2,5-PCB and '40H,2,5-PCB. All mea- metabolites and their parent structures. Part a shows the-desgonse
surements were repeated with at least two independent tissue preparaeurves of PCB95 and' 4nethyl-sulfonyl-PCB95. In contrast to highly
tions. The data shown are the averages of all of the measurementsactive PCB95, its ‘4methyl-sulfonyl-metabolite does not activate RyR1.
normalized to their respective control binding (in the presence of equiv- Part b shows the doseesponse curves of PCB101 and 4-methyl-
alent amount of DMSO) in each measurement and the standard errorsulfonly-PCB101. Part ¢ shows the desesponse curves of PCB149,
of the replicates. Ef;, ECso, andBmax are summarized in Table 1. 4-methyl-sulfonyl-PCB149, and-8nethyl-sulfonyl-PCB149. All mea-
surements were repeatadimes (as shown in the figure) with at least
Immunophilin FKBP12 tightly associates with RyR1 thereby two independent tissue preparations. The data shown are the averages
. . T . of all of the measurements normalized to their respective control binding
regulating both the gating and the kinetic properties of th? (in the presence of equivalent amount of DMSO) in each measurement
channel 60). Immunosuppressants such as FK506 or rapamycin and the standard error of the replicates.
destabilize the RyR2FKBP12 interaction thereby promoting
dissociation of the complex. We have previously shown that PCB95) and the E% calculated from JH]Ry binding experi-
dissociation of the RyREFKBP12 complex completely and  ments. These results indicate that results from thg RGtency
selectively eliminates RyR1 €achannel responses to PCB95 parameter obtained fron?H]Ry binding analysis provide an
(42). We further explored if an intact RyRIFKBP12 complex excellent prediction of microsomal €adysregulation i =
was a general requirement for the actions of noncoplanar PCBs0.87).
exhibiting potent RyR1 activity. Microsomal vesicles were Application of RyR1-Based SAR To Assess Activity in
pretreated for 2 min with rapamycin to dissociate FKBP12 from Environmental Mixtures. Well-characterized extracts of en-
RyR1, and subsequent challenge with theottho-heptachlo- vironmental media collected from a PCB-contaminated landfill
robiphenyl PCB187 (7.5M) significantly diminished its ability were tested for their activity toward sensitizing activation of
to mobilize microsomal G4 (Figure 6B, compare traces aand RyR1 channels. On the basis of the average molecular weight
b). Elimination of PCB187-induced €arelease by rapamycin  of the PCBs contained in each mixture (Table 2), each extract
was not the result of a general block of RyR1 channel function, was found to possess a distinct structuaetivity profile in
as it is with ruthenium red, since subsequent addition of caffeine terms of EGy and maximum level of RyR1 activation (Figure
induced rapid release of €afrom the microsomes (Figure 6B,  8). Intuitively, it was hypothesized that the air extract (vapor
trace b). The same requirement for an intact FKBPRZR1 phase PCBs) would have the greatest potency and efficacy. This
complex was observed with each of 12 active PCB congenerswas because, in addition to increased sensitization of RyR1,
indicating a common mechanism requiring an immunophilin- ortho-rich/para-poor PCB congeners have higher vapor pressures
regulated C& release channel (not shown). We further tested than ortho-poor/para-rich congeners and tend to achieve higher
the correlation between the potency of 14 PCBs to relea%e Ca relative levels in air 1, 61, 62). Indeed, the dust contained a
from actively loaded microsomes with their ability to enhance greater proportion of the less active higher chlorinated biphenyls
the amount of high-affinityJH]Ry binding. (66, 138, 153, 170) and less of the active 18 and 52 (Table 3);
Correlation between PCB-Sensitized3H]Ry Binding and however, dust also contained nearly twice the proportion of
ER/SR C&*" ReleaseFigure 7 shows the correlation between active more highly chlorinated congeners (8495 + 101 +
the initial rate of PCB-induced Ca efflux (normalized to 110+ 132+ 136+ 149+ 151 = 16.7%) as compared to air
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Figure 6. PCB-induced C# efflux through RyR1/FKBP12-mediated pathway. Active’Cafflux was measured as described in the Experimental
Procedures. (Parts A and B, traces labeled a) PCB187u(#1)5nduces C&" efflux from the actively loaded microsomal vesicles. (Part A, trace

b) The PCB187-induced €aefflux was completely blocked by pretreating the vesicles withvbruthenium red, which selectively blocked RyR1
channels. (Part B, trace b) Preincubation of the vesicles withNB@apamycin, which binds to FKBP12 and dissociates FKBP12 from the RyR1
complex, blocked the PCB187-induced?Cafflux selectively. Subsequent addition of 10 mM caffeine induced Celease, showing that the
functional integrity of the ryanodine sensitiveaelease channel was preserved after rapamycin treatment. The experiment shown is the respective
of three replicates with identical results.

Table 2. Major Chlorinated Aromatic Compounds and TCDD
Equivalencies in Refined Extracts of Air, Dust, and Soil from a

52100 - 95@, %36 PCB-Contaminated Landfill

3’ concentration in extract (mg/L)

& 80 ? compounds air extract dust extract soil extract

@ total PCB 4600 20660 46890

8 &l 14 monoCBs+ DICBs (%) 2.5% 0.2% 1.4%

g triCBs 50.8% 22.5% 44.4%

N tetraCBs 34.4% 35.0% 37.7%

‘® 40 101 pentaCBs 10.1% 25.3% 12.1%

(& g hexaCBs 2.1% 13.8% 4.2%

2 1108 hepta- to decaCBs 0.1% 3.3% 1.4%

N 204 _ average MW 277 308 284

s y= 1~95X -9.60 PCB TCDD EQ 0.1 1.5 1.4

E I 153 ®170 R?=0.87 total PCDDs <0.01 114 473

g 01 163 1.80 PCDD TCDD EQ 0 0.00006 0.0007
— — total PCDFs 231 250 762

PCDF TCDD EQ 0.004 0.012 0.032
0 2 40 60 80 100 120 4,4-DDE <0.1 176 125

1/Normalized Concentration of PCB, %

in the dryer superficial dust layerd9). PCB28 (2,4,4triCB)

Figure 7. Correlation between efficacy of selected PCB congeners dominated in all three extracts (Table 3). Although it was not

on PH]Ry binding to RyR1 and rate of €a efflux through RyR1.
The rate of initial C&" release induced by various PCB congeners was
determined and normalized to that of PCB95 atuV6 The normalized
Ca" efflux rate of selected PCB congeners is plotted against the

tested in this study, the structure would indicate low RyR1
activity so that it would serve as a diluent, especially in the air
and soil extracts. These differences in PCB composition help

normalized values of effective concentration that doubles the baseline 0 explain the divergent activities of the three environmental
[*H]Ry binding level of the respective congeners. A direct correlation extracts from the same location.
between the C4 release rate and the relative £Gbtained in {H]Ry Predicting Neurotoxic Risk of PCBs Based on RyR1

binding experiments is observed (correlation coefficight= 0.87), Channel Activity. In most mammalian cells, all three genetic
suggesting a selective and specific interaction between PCBs and RyR1 ’

to sensitize the release of Cafrom microsomal vesicles. The data 1s0forms of RyRs (RyR1, RyR2, and RyR3) function agCa
shown are the averages of-3 replicates. induced C&" release (CICR) channels. Therefore, signals
mediated by activation of CICR are typically coordinated with

(9.1%) and soil (8.7%) extracts (Table 3). The lower activity 1P;R-mediated releases of &afrom SR/ER stores and con-

soil contained the lowest proportion of higher chlorinated RyR1- formational coupling to cell surface channels. The three genetic
active congeners and, as compared to air, slightly lower isoforms of RyR are widely expressed in all tissues and in a
proportions of the highly active PCB18 and -52. developmentally and functionally regulated manner. Considering

The unigue congener distribution patterns were explained by the neurodevelopmental toxicity attributed to PCRS3)( the

microbial dechlorination in the perpetually wet soils, volatiliza- role of RyRs in the central nervous system in the formation
tion from the wet soils, and trapping of the volatile congeners and elongation of dendritic spines and inhibitory presynaptic
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ECso Buax Certain dioxin-like PCB congeners have been shown to cause
54 fuM} {prmol mg'!) e — toxicity similar to 2,3,7,8-TCDD, the most potent congener in
m dust 96:0.7  5.1:0.2 - the PCDD family. The toxicity responses include chloracne,
® soil 38204 20201 ti d : incid f soft ti
o] aar 19:04 28503 wasting syndrome, increase incidence of soft tissue sarcomas,

immunotoxicity, reproductive toxicity, developmental toxicity,
disruption of endocrine pathways, hepatotoxicity, and thymic

3 _ and splenic atrophy. These toxic responses might be mediated
A through a common pathway, which involves binding of HAHs
to the Ah receptor. Among the structures examined, 2,3,7,8-
___,_.’_—4 TCDD has been shown to have the highest affinity toward the

Ah receptor 67). As a result, the relative toxicities of dioxin-
like PCB, PCDD, and PCDF congeners have been ranked
according to their relative binding affinity to the Ah receptor.
By contrast, PCBs that lack awytho-chlorine substitution have
- e been found to lack RyR1 activity (Pessah, unpublished data).
-4 -3 Conversely, PCB95, which possesses high RyR1 and RyR2
Average Molar Concentration activity (35, 38), lacks Ah receptor activity (M. Denison,
Figure 8. Detection of RyR1-active PCBs in extracts from a National personal communication). The biological activities of coplanar
Priorities List Landfill. Total PCBs were extracted from subsurface gnd noncoplanar PCBs can therefore be distinguished on the

soil (@), surface dustl), and air @) as described in the Experimental * aqis of two distinct mechanisms, which may predict most of
Procedures. Partial congener profiles for each sample are shown in !

Tables 2 and 3. Parallel samples were extracted from an area remotdN€ir toxicological effects.
from point sources of PCBs and lacked detectable activation relative  The potential toxicity of coplanar PCBs is assessed based on

Specific [*Hryanodine bound
{pmol mg™)

to controls. their activity toward the Ah receptor, with the most potent
Table 3. Percent Contribution of Major and/or RyR1-Active PCB agonist, 2,3,7,8-TCDD, assigned a TCDD equivalence factor
Congeners in the Environmental Extracts (TEF) of 1.0 @). In 1997, the World Health Organization held
relative amount in a meeting to derive consensus on TEFs for PCDDs, PCDFs,
extract (% totah and dioxin-like PCBs for risk assessment on human, fish, and
RYR1 max air dust soil wildlife health ©68). The TEF concept is based on a major
congener  relativeto PCB95  extract  extract  extract assumption: At low dose, the TCDD equivalent (TEQ) con-
18 0.77 58 0.8 47 centration of HAHs in mixtures is additive, with no synergism
28 not done 17.4 8.7 15.5 or antagonism among the individual congeners. Several limita-
49 0.45 4.0 2.9 3.9 tions on the TEF concepts have been identifieg).(In most
52 0.53 6.9 4.5 6.6 of the biological/environmental samples, relatively low con-
?g 8:;5 gg 3:? g:g centrations of dioxin-like PCB congeners have been found, as
84 0.82 11 1.2 0.4 compared to nondioxin-like PCB congeners with low TEFs. As
95 1.00 2.1 2.3 2.1 a result of partial agonistic or antagonistic properties of certain
101 0.52 2.6 4.2 22 PCB congeners, nonadditive interactions of PCB mixtures have
iég g'gi Si g'g (2)2 been reported. TEF values are based on in vivo and in vitro
136 0.60 0.2 0.4 0.2 studies in biotic systems. The influence in physiochemical
138 0.33 0.4 3.3 1.2 factors that governed actual uptake of these chemicals from
149 1.03 0.6 2.1 12 abiotic to biotic systems is not determined. More importantly,
igé 8"71‘21 g'é gg 8-3 because of the fact that TEFs are derived from Ah receptor-
170 0.33 0.01 05 0.2 mediated mechanisms, modulations through non-Ah receptor-
180 0.41 0.01 0.7 0.5 mediated mechanisms are not considered. Conclusions drawn
183 0.33 0.01 0.2 0.1 from the meeting reaffirmed that the TEF concept is the most
aAverage of two separate determinations by independent analytical Plausible and feasible approach for risk assessment of dioxin-
laboratories 1). like HAHs. However, the uses of TEF on nondioxin-like PCB
terminals 63, 64), neuroplasticity §5), and spatial learninds), congeners, which are di-ortho or higher ortho-substituted, are

these channels are likely to represent a relevant receptor targexcluded due to insufficient in vivo evidencégj. Because
for PCB toxicity 39). Noncoplanar PCB interactions with Ryr  Ortho-substituted PCB congeners collectively represent a sig-
complexes have also been shown to enhance NMDA-mediatedn'f'Cam compo.nent.of RCB mixtures .fo.und in environmental
excitotoxicity and apoptosis of neurons in vitr83( 41). To samples and biological tissues (e), it is urgent to develop
further understand the effects of PCBs on disruption f'Ca  N€W approaches for risk assessment of ortho-substituted PCB
signaling, we performed the first detailed SAR between 34 PCB Congeners baseq on cnﬂca] mechamsms responsible for initiating
congeners and 12 PCB metabolites toward activation of RyR1. dysfunction leading to toxicity.

The dose-response relationships between selected PCB con- Conclusion.We propose the use of the SARs between ortho-
geners and activity of RyR1 were determined by a radioligand substituted PCBs (and metabolites) and activation of RyR1 and
binding assay usingil]Ry (the conformation selective probe its two alternate type 2 and type 3 isoforms, to derive alterna-
specific for ryanodine receptors) and microsomal preparationstive TEFs for the nondioxin-like PCBs. Our results thus far
enriched in RyR1 isolated from rabbit fast-twitch skeletal indicate purely additive effects when two or more noncoplanar
muscle. Our results have revealed that tiitho- and meta PCBs are tested in théH]Ry-binding assay. Additivity also
chloro substitutions on the biphenyl structure of PCBs are the appears to occur with complex mixtureS6). Importantly,

most important determinants of efficacy toward activation of coplanar PCBs such as PCB126 do not antagonize the actions
RyR1. of noncoplanar PCBs. The RyR bioassay does not have the same
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limitations known to exist with TEFs based on AhR activity. involveI incre?seg [Ca]i thlrough voltage-operated calcium channels.
; i~ati ; Toxicol. Appl. Pharmacol. 15261-272.
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